Introduction
[2] The Martian volcano Olympus Mons is the highest and most prominent shield volcano in the solar system, with a height of $22 km and a width of $640 km based on Mars Orbiter Laser Altimeter (MOLA) data [Smith et al., 2001; Plescia, 2004] . Its location at 19°N, 225°E suggests a genetic link to the Tharsis province [Smith et al., 1999] . Because of limitations in data resolution, geologic maps of Olympus Mons do not consistently differentiate lava flows by emplacement style (i.e., channel fed versus tube fed). This distinction is important when interpreting the effusive history of a shield volcano as different lava flow structures typically develop as a result of different eruption conditions, lava properties, and planetary variables [Greeley, 1977; Head et al., 1981; Whitford-Stark, 1982] . For this reason, an understanding of the abundance and distribution of different lava flow types serves as a geologic framework for understanding basaltic volcanic systems [Head et al., 1981] . Because this framework has not yet been established for Olympus Mons, details of its most recent effusive activity and possible links to the Tharsis province remain elusive.
[3] New insight into the eruptive evolution of Olympus Mons can be obtained by mapping on high-resolution images. The systematic characterization of surface lava flows and their distribution in time and space is essential for identifying any evolution in the volcanic processes working on and within the volcano. Thus the objective of this work was to investigate the most recent effusive activity at Olympus Mons by mapping different lava flow types and characterizing their stratigraphic relationships and distributions. We used Mars Express (MEX) High Resolution Stereo Camera (HRSC) [Neukum et al., 2004a] data that
Background
[4] Olympus Mons was first recognized as a shield volcano on the basis of morphological similarities to Hawaiian shields in 1972 Hawaiian shields in -1974 Mariner 9 orbiter images [McCauley et al., 1972] . Early Viking-based maps show Olympus Mons as a large shield volcano consisting of a single unit of lightly cratered volcanic material in which the impact crater density indicated a late Amazonian age (<300 million years (Ma)) [Scott and Carr, 1978; Plescia and Saunders, 1979; Hartmann et al., 1981; Tanaka, 1981a, 1981b; Scott and Tanaka, 1986] .
[5] Morris and Tanaka [1994] produced Viking-based geologic maps of the shield (at scales of 1:2,000,000 and 1:1,000,000) in which three nested units (Aos 1 , Aos 2 , and Aos 3 ) and a fourth, younger unit of pristine flows (Aos 4 ) were differentiated. Unit Aos 3 is described as narrow, leveed flows hundreds of meters to several kilometers wide and 10 to >100 km long, with indistinct beginnings and terminations in which radial ridges likely enclose lava tubes. Unit Aos 2 is described as flows with a rough, hummocky surface, containing tonque-like flows with leveed channels and broad sheets. Unit Aos 1 is described as flows with indistinct boundaries and hummocky surfaces containing irregular to round pit craters in chains or clusters.
[6] Morris and Tanaka [1994] showed the oldest unit (Aos 1 ) at the summit and the youngest unit (Aos 3 ) at the shield's base, indicating a decrease in age distally, with individual younger flows (Aos 4 ) emplaced over the other three units. Carr et al. [1977] suggested that the distal flows were erupted from vents near the summit and were emplaced via long distributary systems of tubes and channels. Lava flows of all four units cover large (tens of kilometers) terraces, likely formed as a result of large slip faults [Thomas et al., 1990; McGovern and Solomon, 1993] . Lava fans are suggested to represent local outpourings of lava from buried tubes [Carr et al., 1977] , eruptive vents along deep concentric fractures [Morris and Tanaka, 1994] , or vents fed by radial dikes [Mouginis-Mark and Christensen, 2005] . Lava flows embay and are truncated by a basal scarp with a height of up to 10 km [McGovern et al., 2004] . Recent crater counts confirm a late Amazonian age for the flanks, indicating that it is one of the youngest volcanic features on Mars [Neukum et al., 2004b; Werner, 2005; Basilevsky et al., 2006] .
[7] A key point about the mapping of Olympus Mons is that even the most recent mapping campaign [Morris and Tanaka, 1994] was limited to grouping different lava flow structures because of limitations in image resolution. This distinction is important because different structures form as a result of different eruption and emplacement conditions. Basaltic eruptions typically produce channels or tubes that deliver lava to the flow fronts [Wentworth and Macdonald, 1953; Macdonald, 1956] . Observations of active basaltic flows show that tubes tend to form during long-lived, stable eruptions of low-viscosity lavas at low to moderate effusion rates, whereas channels tend to develop during shorterlived, unstable eruptions of higher-viscosity lavas at moderate to high effusion rates [Greeley, 1973; Holcomb, 1987; Greeley, 1987; Rowland and Walker, 1990; Peterson et al., 1994; Kauahikaua et al., 1998; Heliker et al., 1998; Pinkerton, 1998, 1999; Calvari et al., 2003 , Kauahikaua et al., 2003 , Bailey et al., 2006 . Lava tubes generally extend lava flows because they typically result from longer-lived eruptions and they insulate the lava [Swanson, 1973; Keszthelyi, 1995; Sakimoto and Zuber, 1998 ].
[8] The relationship between eruptive conditions and morphology enabled researchers to determine that Kilauea has experienced longer-lived and more stable eruptions in the Holocene compared to Mauna Loa, which displays less tube-fed flows, as determined from mapping aimed at differentiating lava flow types [Greeley, 1987; Holcomb, 1987; Lockwood and Lipman, 1987] . Although geologic mapping of lava flows proved useful for improving the understanding of terrestrial basaltic systems [see also Rowland, 1996] , a similar approach has not yet been rigorously applied to Martian shield volcanoes because of a lack of image data combining spatial resolution high enough to resolve different lava flow types over areas sufficiently large enough for consistent regional mapping. However, the acquisition of new image data (HRSC, THEMIS, and MOC) provides the unprecedented opportunity to characterize the latest effusive activity at Olympus Mons.
Methods
[9] HRSC image H0037 centrally transects Olympus Mons from north to south with a $80 km wide image swath, at a resolution ranging between 16.5 and 20.5 m/pixel in the nadir channel, including two stereo channels (at half the nadir resolution) and four color channels (at one-fourth nadir resolution). Using the Video Image Communication and Retrieval (VICAR) software (http://www-mipl.jpl.nasa.gov/ external/vicar.html), modified by the German Aerospace Center (DLR), we processed H0037 into a sinusoidal, orthographic projection with a central meridian of 225°E. We then processed THEMIS and MOC images with the Integrated Software for Imagers and Spectrometers (ISIS) software (http://isis.astrogeology.usgs.gov/index.html) into the same projection. We used ArcGIS 9.1 by Environmental Systems Research Institute Inc. (ESRI) to place the MOLA grid in a corresponding projection.
[10] Our mapping differentiated lava flow types to estimate their abundances (based on surface area) across the volcano (Figure 1 ). There are well-established criteria for identifying lava flow types on Olympus Mons [Carr, 1973; Greeley, 1973; Carr et al., 1977; Greeley and Spudis, 1981; Mouginis-Mark et al., 1992; Morris and Tanaka, 1994] , as well as terrestrial volcanoes [Carr and Greeley, 1980; Holcomb, 1987; Greeley, 1987; Rowland, 1996] . We use these studies as our basis for consistently mapping lava tubes, leveed channels, raised flows lacking channels or skylights, sheets, or other previously unidentified units (Figure 2 ).
[11] The GIS software enables derivation of slope [Burrough and McDonell, 1998; Longley et al., 2001] from the MOLA data. This approach makes possible an assessment of relationships between the lava flows and the topography. We determined the median slope for the Olympus Mons flank and used it as the quantitative descriptor of the slope of the volcano as the median has been shown to best describe the typical slope of a landscape Head 1999, 2000 ; J. E. Bleacher and R. Greeley, Relating volcano morphology to the developmental progression of Hawaiian shield volcanoes through slope frequency and hypsometric analyses of SRTM data, submitted to Journal of Geophysical Research, 2007, hereinafter referred to as Bleacher and Greeley, submitted manuscript, 2007] . Figure 2 . The HRSC color image strip from MEX orbit 37 is coregistered to MOLA and is shown as context at the top right. Areas for which crater counts were conducted are outlined in black on the HRSC color image.
[12] Superposition relationships and crater model ages provide insight into the eruptive sequence and possible evolution in effusive style. We determined crater retention ages for four channel-fed flow fields identified during mapping (Figure 1 ), on the basis of impact crater frequency distributions using the algorithm of Hartmann and Neukum [2001] . We conducted crater counts for areas of overlapping flows of similar morphology, providing an average age for different flow fields on each flank. Uncertainties and assumptions necessary for modeling surface ages from impact crater accumulation exist because of potential volcanic collapse depressions, other nonimpact depressions, modification by nonvolcanic processes, and secondary craters [Greeley and Gault, 1979; Edgett and Malin, 2002; McEwen et al., 2005; Plescia, 2005] . However, the retention ages are used here as relative dating in coordination with superposition relationships [see Hartmann, 2005] to provide insight into the sequence of lava flow emplacement.
[13] To determine unit abundances, we normalized each unit's surface area to the total area of the mapping region. In order to quantify the distribution of flow types across the volcano we plotted normalized distance from the caldera against normalized flow abundance. To do so, we produced a window with a width equal to 5% of the total distance from the caldera to the distal extent of the Olympus Mons flows ($300-320 km). The normalized surface area within the window was calculated for each unit at intervals equal to 2.5% of the distance from the caldera to the distal margin of the shield. The result is a plot of the abundance of each lava flow type with respect to the position on the flank (Figure 3 ), enabling us to measure how each flow's abundance varies distally.
[14] We analyzed the results from lava flow mapping and age estimates for possible relationships to local topography. 
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Of particular interest are potential associations between map units and slope that might provide insight into their formation. For example, terraces on the middle flanks are regions of increased slope [Plescia, 2004] that might be associated with changes in flow morphology. Both observational [Guest et al., 1987; Kilburn and Lopes, 1991] and laboratory-based [Gregg and Fink, 2000] evidence supports this relationship on Earth. We integrated the distribution of flow types, their relations to topography, and relative ages and synthesized these data to identify trends that might be related to evolution of the volcano, as has been suggested for Martian volcanism in general [Carr et al., 1977; Crumpler and Aubele, 1978; Greeley and Spudis, 1981; Mouginis-Mark et al., 1992] . We compared the Olympus Mons results to analyses of the Hawaiian shields to identify any comparable trends that might provide insight into magma production and tectonic setting on Mars.
Results

Unit Descriptions
[15] Our map area is $75,000 km 2 , covering $20% of Olympus Mons between 13°and 24°N and 226°and 228°E. We defined and characterized nine primary units, of which several were modified, resulting in an additional terrain, including the (1) channel-fed flow unit, (2) tube-fed flow unit, (3) raised ridge unit, (4) fan unit, (5) tabular unit, (6) perched pond unit, (7) mottled unit, (8) hummocky unit, (9) smooth unit, and (10) collapsed terrain (Figure 2 ). The caldera complex and tectonic blocks (generally restricted to the basal scarp) were excluded from our mapping. A $12 km diameter crater $20 km south of the caldera produced an ejecta blanket that has affected the nearby volcanic morphology. Although we were unable to identify a clear margin to the ejecta, we excluded a one crater diameter area surrounding the crater rim from the lava flow abundance calculations.
[16] The channel-fed flow unit is typified by subparallel linear channels often displaying levees (Figure 2a ). This unit is inferred to be composed of individual channel-fed lava flows and larger channel-fed flow fields, as are often seen on terrestrial volcanoes. Individual channel-fed flow fields are not subdivided except when conducting crater counts. Within this study, individual channels could not be traced for more than several tens of kilometers, supporting the findings of Basilevskaya et al. [2006] , as they tend to be covered by other flows. Some channels are truncated by the caldera, but the source region for nearly all other channelfed flow fields is undetermined because of burial by younger flows. Although some individual flows are over 1 km wide, the typical flow width detected at this resolution is on the order of several hundred meters, as was also measured by Basilevskaya et al. [2006] . However, lava channels of smaller widths were seen using MOC data by Malin and Edgett [2001] and also within this study.
[17] The tube-fed flow unit (Figure 2b ) displays sinuous chains of collapse pits, inferred to be skylights or partially collapsed lava tubes, sometimes gradational with a sinuous trench (i.e., completely collapsed tube roof) as is seen on Earth. Within this study the tube-fed flow unit includes a smooth to hilly terrain (at the tens to hundreds of meters horizontal scale) adjacent to the skylights and typically ranges up to several kilometers in width, while the skylights themselves were measured by Pupysheva et al. [2006] to typically be 130-270 m in width and 10-22 m in depth. Lengths are highly variable, with the longest flow field reaching $60 km on the south flank and $100 km on the north flank. Skylights are often axial to ridges that rise to $100 m above the surrounding lava flows or on surfaces that lack any topographic expression. Tube-fed flows are typically embayed by younger flows.
[18] The raised ridge unit (Figure 2c ) is similar to the tube-fed flow unit but lacks collapses. This unit consists of a sinuous to linear ridge or group of adjacent hills. Ridges have comparable widths and heights but are typically shorter in length (none longer than $15-20 km) than tube-fed flows. The raised ridge unit is inferred to represent Figure 3 . Plot showing the percent coverage of the most abundant units versus the normalized length of the flanks. Abundance values are calculated for an area equal in length to 5% the distance from the caldera to the distal margin. Area calculations were conducted at equal intervals spaced at 2.5% the distance from the caldera to the distal margin.
E04003
BLEACHER ET AL.: STYLE OF EFFUSIVE ACTIVITY AT OLYMPUS MONS a lava tube or lava tube-fed flow field for which roof collapse has not occurred or is not detectable. The tabular unit ( Figure 2d ) displays a relatively smooth surface bound by lobate margins. This unit is inferred to be lava flows emplaced as sheets or the distal edge of channel-or tube-fed flows that cannot be linked to the channel-or tube-fed flow unit. Displaying a similar morphology to the tabular unit is the perched pond unit (Figure 2e ), which shows a lobate margin and relatively smooth surface but for which the flow surface is topographically lower than the flow margin.
[19] The fan unit (Figure 2f ) is composed of positive topographic, delta-like features, which in some cases diverted younger flows. The apex of an individual fan marks its highest topographic point and usually consists of one hill or a cluster of several hills from which a somewhat linear texture radiates downslope. Fan dimensions are highly variable and are often influenced by embayment from younger flows that obscure the true dimensions of the fans. The fans range from a few kilometers wide up to as large as $20 km wide, in one example. The apex of some lava fans are up to 100 m higher than adjacent flows.
[20] The mottled unit (Figure 2g ) is typified by a rough surface at a horizontal scale of tens to hundreds of meters displaying mounds inferred to be only a few meters high on the basis of MOC image analysis. Similar to the mottled unit is the hummocky unit, which has a hilly surface at the horizontal scale of a few kilometers (Figure 2h ). Both the mottled and hummocky units lack clear margins and are often gradational with other units. The ''smooth unit lacks flow margins and any clear surface texture (Figure 2a ). Several units have been heavily modified creating a collapsed terrain (Figure 2i ) that is typified by chains of ovoid depressions or smooth floored trenches. The collapses are generally a kilometer or greater in diameter, significantly larger than the collapsed tube roofs measured by Pupysheva et al. [2006] , and they do not display raised rims. Therefore these features are not considered to represent lava tube roof collapse or impact events.
Unit Relationships and Ages
[21] The units mapped in this study display several relationships that are consistent across the volcano. The somewhat linear texture of the fan unit typically transitions to channel-fed flows distally from the apex. There are also several instances of the tube-fed flow and raised ridge units located within or trending out of a fan near the transition to channels. Tube-fed flows trend out of or into the apex of $80% of the lava fans, while fans that lack this relationship with tubes are embayed by younger channel-fed flows that were diverted around the apex.
[22] The median slope of the shield is 3°when excluding the basal scarp. Flank terraces and the basal scarp typically display slopes between 6°and 10°and 15°and 40°, respectively. Nearly 40% of the lava fans are located along the base of flank terraces or the basal scarp, and nearly all fans are associated with slopes that are <2°. Therefore the fan unit is typically located on slopes lower than the shield median or typical of the terraces and basal scarp.
[23] The channel-fed flow unit also displays an embayment relationship with the typically older tube-fed flow and raised ridge units, often showing that their flow direction was controlled by the positive topography of the older flows. Relative to one another, tube-related flows decrease, while channel-fed flows increase in abundance distally. Two large channel-fed flow fields were identified on both the north and south flank for which crater counts were conducted. Crater retention ages and superposition relationships suggest that distal channel-fed flow fields are older than proximal fields.
Unit Abundances and Distributions
[24] Our HRSC-based mapping enables an assessment of the overall abundance (by surface area) of flow types and their distribution across Olympus Mons (Table 1) . Within the map the channel-fed flow unit covers $50% of the flank, whereas the tube-fed flow unit covers $6%. The hummocky and mottled units cover 17 and 16%, respectively. All other units cover <10% of the flank, with the smooth and perched pond unit and the collapsed terrain representing <1% of the surface.
[25] The distribution of each unit with respect to the normalized percent distance from the caldera to the distal extent of the shield ($300 km) is shown in Figure 3 . On the basis of morphology and unit relationships the tube-fed flow, raised ridge, and fan units are combined as tuberelated, as will be discussed in section 5. Although the channel-fed flow unit is the most abundant, the summit is dominated by the hummocky unit to $20% of the distance to the distal margin (matching well with the subdued Aos 1 unit of Morris and Tanaka [1994] ). The hummocky unit transitions into a combination of channel-fed flow, tube-fed flow, and mottled units distally, and the channel-fed flow unit is dominant beyond 20% of the distance to the distal margin. The tabular unit is infrequently and randomly distributed across the flank but is the most common unit beyond $95% distance to the distal margin. Tube-related and mottled units are dominantly located between 20 and 85% of the distance to the distal margin. The perched pond and smooth units and collapsed terrain are excluded from Figure 3 as their abundance is consistently <1% surface area. Both the perched pond unit and collapsed terrain are restricted to the summit.
Discussion
[26] Our mapping results provide new insight into the late Amazonian effusive history of Olympus Mons. The unit distributions show that the summit is dominated by the hummocky unit out to $20% distance to the distal margin, where the channel-fed flow unit becomes dominant. At 95% distance to the distal margin a transition to the tabular unit being dominant occurs, beyond which the lava flows of Olympus Mons that make up the tabular unit in this area are embayed by Tharsis plains flows. The typical basal scarp slopes are 15°-40°and mark a transition from the 3°m edian slope on the main flank to <2°on the adjacent plains. On Earth, an increase in lava flow width is shown to occur in the distal regions and where slopes decrease [Guest et al., 1987; Kilburn and Lopes, 1991; Gregg and Fink, 2000] . Because tabular lava flows in this area represent the distal flows and a transition to lower slopes, we suggest that these factors control the observed change in morphology.
[27] No obvious structural feature is related to the transition from the hummocky to channel-fed lava flow unit. Holcomb [1987] showed that the summit of Kilauea is dominated by surface-fed flows resulting from caldera spill over, in which major channels and tubes did not develop, potentially similar to the hummocky terrain. Elsewhere, pyroclastic deposits are suggested to cover large areas surrounding the Tharsis Montes, potentially producing a similar morphology to the hummocky unit here [Edgett, 1997; Edgett et al., 1997; Mouginis-Mark, 2002] . Olympus Mons also displays evidence of a dust mantle [Morris and Tanaka, 1994; Bandfield et al., 2000; Mellon et al., 2000; Malin and Edgett, 2001] , which if deposited during global storms, is likely to be thicker at higher elevations as the less dense atmosphere might not be able to reentrain the dust [Greeley and Iversen, 1985] . Basilevsky et al. [2005] describe a hummocky-like surface in the western basal scarp region, which they conclude is composed of frozen volatiles, fine-grained pyroclastics, and dust. On the basis of these observations we conclude that the hummocky unit surrounding the summit is a combination of (1) lava flows covered by (2) pyroclastic deposits, (3) dust, and (4) frozen volatiles. Continued analysis with higher-resolution instruments might better reveal the nature of the hummocky unit.
[28] The relationship between tubes and fans suggests that within our map area, fans represent local outpourings of lava resulting from impeded flow of lava within a tube, as originally suggested by Carr et al. [1977] . Tube outbreaks appear to be slope related (<2°) in some cases, similar to talus-and-lava cones described by Holcomb et al. [1974] at Hawaii, while tube outbreaks might also have resulted from temporary or permanent blockages by rafted, solidified lava. Fans are often morphologically upstream of distal channelfed flow fields and many fans transition to lava channels distally from their apex. Therefore the fans appear to be a midflank source for many distal channel-fed flow fields, while the fans themselves appear to source from tube-fed flows, which can act as a surface extension of a volcano's conduit system [Greeley, 1987] . Although some fans do not show a direct link to lava tubes, those examples are also heavily embayed by younger channel-fed flows. Therefore we suggest that fans for which no link to lava tubes are observed were likely associated with a tube but that the observable link has subsequently been buried by younger lavas.
[29] If the hypothesis that all fans were linked to lava tubes (whether the relationship is observable or not) is correct, then no examples of eruptive centers fed by dikes or from depth were identified on the north or south flank. Because eruptive centers are often indicators of rifting both on Earth (reviewed by Walker [1999] ) and in the Tharsis Montes [Crumpler and Aubele, 1978] , the apparent lack of these centers suggests that Olympus Mons has not begun to develop rift zones along the north or south flank. If the tubefed flow, raised ridge, and fan units are correctly interpreted as tube-related flows, then their abundance within the map area is $10%, and the ratio of the channel-fed to tuberelated flow units is $5:1.
[30] Comparison with the Hawaiian shields provides insight into the eruptive and internal dynamics of Olympus Mons. At Hawaii, five Quarternary shield volcanoes show a decrease in lava tube abundance and an increase in the channel-to-tube ratio associated with increased age [Greeley, 1987; Bleacher and Greeley, submitted manuscript, 2007] . This transition is related to a change in eruptive dynamics where younger shields experience stable, long-lived eruptions of fluid tholeiitic lavas while older shields experience less stable, shorter-lived eruptions of more viscous and gas-rich alkalic lavas [Moore and Mark, 1992; Wolfe et al., 1997; Rowland and Garbeil, 2000] . The superposition relationship between the channel-fed and tube-related flow units (Figure 4) indicates that Olympus Mons experienced a similar increase in channel-forming eruptions, resulting in a high channel-to-tube ratio. Although the abundance of lava flow types is related to eruption conditions, those conditions are in turn related to each shield's link to the mantle melt zone. The formation of lava tubes results from high magma production rates which in turn establish long-lived buffered eruptions fed from beneath the magma chamber, whereas a higher ratio of channels to tubes is associated with a decreased rate of magma BLEACHER ET AL.: STYLE OF EFFUSIVE ACTIVITY AT OLYMPUS MONS production, driving a transition to shorter-lived, unbuffered evacuations of shallow level magma chambers (Bleacher and Greeley, submitted manuscript, 2007) .
[31] On the basis of the understanding of the Hawaiian shields the relationship between the Olympus Mons channel-fed and tube-related units, their abundances, and ratio suggests that the late Amazonian surface flows record a cooling mantle source. Crater counts indicate that the distal flow fields are older relative to proximal flow fields as do superposition relationships. These observations are in contradiction to previous mapping that was based on lower resolution images [Morris and Tanaka, 1994] but are comparable to trends in lava flow ages at Mauna Loa [Lockwood and Lipman, 1987; Lipman, 1995; Lipman and Moore, 1996] . Therefore we suggest that eruptions at Olympus Mons increasingly produced flows of shorter length (as noted by Carr et al. [1977] and Carr [1981] for Martian volcanoes) because of a decrease in magma production, which drove the transition from tube-to channel-forming eruptions.
[32] Continued mapping is required to determine if the identified late Amazonian change in eruptive style was limited to specific sectors of Olympus Mons or if it was a volcano-wide phenomenon. McGovern et al. [2006] showed that the NE -SW and NW -SE profiles of Olympus Mons are not symmetric, suggesting that differences in tectonic processes might have caused the asymmetry. Lava flow mapping of the entire edifice will show any difference in lava flow emplacement associated with volcano asymmetry. Another question to be addressed is whether the eruptive trend is associated with long-term evolution of the shield and its magma source [Greeley and Spudis, 1981] or the waning stage of a more recent episodic cycle [Wilson et al., 2001] , both of which have been identified at Hawaii [Lockwood, 1995] .
[33] The lava flow abundances presented here represent a minimum estimate related to image resolution. The mottled unit is often transitional with the channel-fed and tube-related flow units and is morphologically similar to the surface that comprises the tube-fed flow and raised ridge units. The mottled unit is distributed fairly evenly across the middle flank and also appears to reflect tube-related peaks and troughs in abundance. Therefore the mottled unit might in part represent additional tube-fed flow fields for which younger flows have covered skylights. However, in some cases, MOC images show that the mottled unit is composed of channels that are smaller than the detection limit for the mapping conducted here and/or are significantly covered by dust, supporting the findings of Malin and Edgett [2001] . As discussed by Zimbelman [2001] , data resolution must always be considered when planetary surfaces are interpreted on the basis of remotely sensed data alone. Although MOC images show that the mottled unit might represent lava flow features that are smaller than the detection limit for this study, the combination of HRSC and THEMIS images used for this mapping enable for the first time a consistent estimate of lava flow abundances across Olympus Mons.
Conclusions
[34] Mapping lava flow types on Earth provides insight into the eruptive history of shield volcanoes [Greeley, 1987; Holcomb, 1987; Lockwood and Lipman, 1987; Rowland, 1996] . Past mapping of Olympus Mons did not consistently differentiate lava flow structures because of image resolution [Morris and Tanaka, 1994] . However, new HRSC, THEMIS, and MOC data provide both highresolution and regional coverage, enabling lava flow types to be differentiated and mapped across a shield. We mapped lava flow types along a north-south transect of Olympus Mons on the basis of HRSC image H0037, in combination with THEMIS and MOC images and MOLA topography data, to determine their abundances and distribution. The resulting map provides new insight into the volcanic history and evolution of the shield during the late Amazonian.
[35] The summit region is typified by a hummocky unit to $20% distance to the distal margin. The channelfed flow unit is most abundant between $20 and 95% of the distance from the caldera. Beyond 95% distance to the distal margin the tabular unit is most common. This transition marks the lower boundary of the basal scarp and a decrease in slope to <2°. No clear structural feature is associated with the transition from the hummocky to channel-fed flow units. We suggest that the hummocky unit is a combination of (1) lava flows lacking well-established tubes or channels, (2) pyroclastic deposits, (3) a dust mantle, and (4) frozen volatiles on the basis of past observations for Olympus Mons and the Hawaiian shields. Unit relationships observed in this study support previous hypotheses that lava fans likely represent local outpourings of lava from within a lava tube. No eruptive centers were identified within this study on the north or south flank, suggesting that no major rift zones have developed in these regions.
[36] The channel-fed to tube-related flow unit ratio ($5:1) and their superposition relationships indicate that Olympus Mons experienced a late Amazonian transition from long-lived, stable, tube-forming eruptions to shorterlived, less stable, channel-forming eruptions. The same transition is observed at Hawaii, where plate motion extends the distance between the shield and the mantle melt zone, resulting in decreased magma production rates. This suggests that the trends at Olympus Mons, which are likely unrelated to any plate motion, might result from a cooling mantle source. Yet to be determined is whether or not the transition in eruptive dynamics records a long-term evolution of the magma source or the last phase of an episodic cycle, which will be addressed with continued mapping. However, an interesting note is that as magma production rates at older Hawaiian shields approach zero, all lava tubes are covered by channels and pyroclastic deposits, suggesting that the Olympus Mons source region might not yet be extinct.
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